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1. Introduction {#ehf212616-sec-0004}
===============

At present, medical advancements have improved the prognosis of cancer‐bearing patients. As the number of cancer survivors increases, cardiovascular events associated with anticancer drugs are also increasing; therefore, this issue is recognized as a serious problem.[1](#ehf212616-bib-0001){ref-type="ref"}, [2](#ehf212616-bib-0002){ref-type="ref"} Anthracycline antibiotics are known to provoke heart failure.[3](#ehf212616-bib-0003){ref-type="ref"} Doxorubicin (DOX), a representative anthracycline antibiotic, is an efficacious and widely used chemotherapeutic agent. However, the prophylaxis and its treatments for cardiotoxicity are still unknown. Some studies have reported the molecular mechanisms of DOX cardiomyopathy. They demonstrated DOX‐induced DNA damage, accumulation of reactive oxygen species, iron accumulation in mitochondria,[4](#ehf212616-bib-0004){ref-type="ref"} abnormality of intracellular calcium dynamics,[5](#ehf212616-bib-0005){ref-type="ref"} inhibition of topoisomerase 2β, and so forth.[6](#ehf212616-bib-0006){ref-type="ref"} However, the major pathogenesis has not yet been completely elucidated. The terminal stage of DOX‐induced cardiotoxicity pathologically resembles the features of dilated cardiomyopathy, for example, vacuole degeneration of myocytes, shedding of myofibrils, and fibrosis. However, the initial change and the pathological progression are still unknown.

Cardiac fibroblasts (CFs) account for 60--70% of the heart and play a central role in extracellular matrix (ECM) remodelling.[7](#ehf212616-bib-0007){ref-type="ref"} CFs induce 'replacement fibrosis' in the cell shedding part, such as in myocardial infarction.[8](#ehf212616-bib-0008){ref-type="ref"} Dead cells are replaced, and scars are formed that mainly contain collagen type I. Then, the tissue defect region is mechanically stabilized. In contrast, CFs, which are continuously activated by chronic load and inflammation, such as hypertension and diabetes, induce 'reactive fibrosis'.[9](#ehf212616-bib-0009){ref-type="ref"} Reactive fibrosis leads to an increased ECM deposition without a significant loss of cells. Initially, reactive fibrosis occurs in perivascular area that later spreads to interstitial zone. DOX‐induced heart failure often develops in the remote phase.[10](#ehf212616-bib-0010){ref-type="ref"} DOX‐induced cardiotoxicity is also cumulative.[11](#ehf212616-bib-0011){ref-type="ref"} Therefore, we expect that the continuous activation of CFs by this inflammation contributes to the development of cardiotoxicity and 'reactive fibrosis' at the low‐dose accumulation stage. However, there are few reports focusing on 'reactive fibrosis' instead of 'replacement fibrosis'.

Here, we sought to determine the direct effects of DOX at the initial stage before reaching the toxic dose on CFs, that is, not 'replacement fibrosis' but 'reactive fibrosis'. In addition, we proposed prophylaxis focusing on CFs.

2. Methods {#ehf212616-sec-0005}
==========

2.1. Reagents {#ehf212616-sec-0006}
-------------

Galectin‐3 antibody, SAPK/JNK antibody, phospho‐SAPK/JNK (Thr183/Tyr185) antibody, Phospho‐PI3 Kinase Class III (Ser249) antibody, PI3 Kinase Class III antibody, SQSTM1/p62 antibody, LC3B antibody, and glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) antibody were purchased from Cell Signaling (Danvers, MA, USA). Collagen type 1A1 (COL1A1) antibody and interleukin (IL)‐1R‐associated kinase 1 (IRAK‐1) were purchased from Santa Cruz (Dallas, TX, USA). The α‐SMA antibody was purchased from Sigma‐Aldrich (St. Louis, MO, USA). Alexa Fluor 488 goat anti‐mouse immunoglobulin G (IgG) and Alexa Fluor 594 goat anti‐rabbit immunoglobulin G were purchased from Invitrogen (Carlsbad, CA, USA). DOX hydrochloride and SP600125 were purchased from Sigma‐Aldrich. Chloroquine was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Pioglitazone hydrochloride was purchased from Fujifilm (Tokyo, Japan). ODN2088 and GW1929 were purchased from AdipoGen Life Sciences (San Diego, CA, USA).

2.2. Animal study {#ehf212616-sec-0007}
-----------------

Seven‐week‐old male C57BL/6J mice were purchased from Japan SLC (Shizuoka, Japan). Mice were randomly allocated into two or three groups (each group consisted of four mice) as follows: normal saline group (NS), DOX‐treated group (DOX), or DOX and pioglitazone‐treated group (DOX + Pio). DOX was administered intraperitoneally (4 mg/kg/week for 3 weeks, i.p.), and pioglitazone was administered orally (10 mg/kg/day for 4 weeks, p.o.). After 4 weeks of DOX administration, all mice were euthanized under isoflurane anaesthesia (2%), and the heart was rapidly excised. The left ventricle was fixed in 10% formaldehyde solution.

2.3. Histological analysis {#ehf212616-sec-0008}
--------------------------

Left ventricle tissues were fixed with formalin, embedded in paraffin, and sectioned at 3.5 μm thickness. Cell apoptosis in the cardiac tissue was evaluated using the terminal deoxynucleotidyl transferase‐mediated dUTP nick‐end labelling (TUNEL) assay. TUNEL Apoptosis Assay Kit was performed using the DeadEnd Fluorometric TUNEL System (Madison, WI, USA). All nuclei were visualized with DAPI. Cells were then visualized using fluorescence microscopy with an inverted microscope (Nikon, Tokyo, Japan). The TUNEL‐positive area as cell apoptosis in cardiac tissue was measured by ImageJ software (NIH, MD, USA). Three random fields were calculated. Collagen deposition was evaluated with the Picrosirius Red Stain Kit (ScyTek Laboratories, UT, USA). The expression of α‐SMA was evaluated by immunohistochemical staining. The perivascular fibrotic area in three random fields was measured by ImageJ software. The expression of α‐SMA and galectin‐3 in the perivascular area was evaluated by immunohistochemical staining. Three random fields were quantitatively evaluated by ImageJ software.

2.4. Ethics statement {#ehf212616-sec-0009}
---------------------

Animal studies were performed according to the Yokohama City University guidelines. The Animal Care and Use Committee at Yokohama City University School of Medicine approved all animal studies and experimental protocols.

2.5. Cell culture {#ehf212616-sec-0010}
-----------------

Human CFs (HCFs) were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA). HCFs were cultured in fibroblast medium‐2 (ScienCell Research Laboratories), a commercial fibroblast medium supplemented with 1% penicillin/streptomycin, 1% fibroblast growth supplement‐2, and 2% foetal bovine serum.[12](#ehf212616-bib-0012){ref-type="ref"} All cells were maintained in a humidified atmosphere of 95% air and 5% CO~2~ at 37 °C. The 4th through 8th passages of HCFs were used for the experiments.

2.6. Cell proliferation assay {#ehf212616-sec-0011}
-----------------------------

The XTT Cell Proliferation Kit (ATCC, VA, USA) was used to analyse cell proliferation, as previously reported.[13](#ehf212616-bib-0013){ref-type="ref"}

2.7. Cell viability and apoptosis assay {#ehf212616-sec-0012}
---------------------------------------

The Calcein‐AM Kit and Propidium Iodide Kit (Sigma‐Aldrich, MO, USA) were used to analyse cell viability and apoptosis, as previously reported.[14](#ehf212616-bib-0014){ref-type="ref"} Staining intensity area (green) and staining cell numbers (red) in four random fields were measured by ImageJ software (MD, USA).

2.8. Microarray {#ehf212616-sec-0013}
---------------

Human CFs were exposed to 0.1 μM DOX for 6 h or 24 h, and total RNA was extracted. Microarray experiments were carried out using a SurePrint G3 Human GE 8x60K v3 Microarray and a SurePrint G3 Mouse Gene Expression 8x60K v2 Microarray (Agilent Technologies, CA, USA) according to the manufacturer\'s protocol.

2.9. Bioinformatics analysis {#ehf212616-sec-0014}
----------------------------

Genes that were increased more than 1.5‐fold by DOX treatment were analysed using the Database for Annotation, Visualization and Integrated Discovery (version 6.8, <https://david.ncifcrf.gov>). Genes were analysed with the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology pathway databases. To investigate the activated genes of biological functions in DOX‐exposed HCFs, gene set enrichment analysis (GSEA, <http://software.broadinstitute.org/gsea/index.jsp>) was performed. The gene sets used for analysis were the Molecular Signatures Database (MSigDB) of c5 (c5.all.v6.2.symbol.gmt).

2.10. Mitochondrial membrane potential assay {#ehf212616-sec-0015}
--------------------------------------------

MitoTracker Red CMXRos (Invitrogen, Carlsbad, CA, USA) was used to analyse mitochondrial membrane potential. HCFs were preincubated with 100 nM of MitoTracker Red. Cells were then visualized using fluorescence microscopy with an inverted microscope (Nikon, Tokyo, Japan). Staining intensity was quantified using ImageJ software (NIH). MitoTracker Red staining intensity of multiple fields was quantified with ImageJ (NIH) and measured using a microplate reader equipped with a spectrofluorometer (PerkinElmer, Waltham, MA, USA) at an emission wavelength of 615 nm and excitation wavelength of 550 nm.

2.11. Mitophagy assay {#ehf212616-sec-0016}
---------------------

Human CFs were incubated with 100 nM Mitophagy Dye working solution. Then, HCFs were incubated with or without DOX for 6 and 24 h. HCFs were incubated with 1 μM Lyso Dye working solution. Cells were then visualized using fluorescence microscopy with an inverted microscope. This assay was performed using the Mitophagy Detection Kit (Dojindo, Kumamoto, Japan). Staining intensity was quantified using ImageJ software (NIH). Mitophagy Dye staining intensity of multiple fields was quantified with ImageJ (NIH). Colocalization analysis of Mitophagy Dye and Lyso Dye was evaluated by Spearman\'s rank correlation coefficient with Image‐J.

2.12. Quantitative real‐time reverse transcription polymerase chain reaction {#ehf212616-sec-0017}
----------------------------------------------------------------------------

Total RNA from HCFs was extracted using the RNAiso Plus reagent (TaKaRa Bio, Shiga, Japan), and reverse transcription reactions were performed using the PrimeScript RT reagent kit (TaKaRa Bio), as previously described.[15](#ehf212616-bib-0015){ref-type="ref"} Quantitative polymerase chain reaction (qPCR) was prepared using SYBR Fast qPCR Mix (TaKaRa Bio). Reverse transcription--polymerase chain reaction was performed on the StepOnePlus Real‐Time PCR System (Applied Biosystems, CA, USA). The 2^−ΔΔCt^ method was used to determine relative gene expression levels using 18S to normalize the data. The sequences of the specific primers are shown in Supporting Information, *Table* [*S1*](#ehf212616-supitem-0001){ref-type="supplementary-material"}.[12](#ehf212616-bib-0012){ref-type="ref"}

2.13. Mitochondrial DNA copy number {#ehf212616-sec-0018}
-----------------------------------

Mitochondrial copy numbers were quantified in genomic DNA using SYBR green‐based qPCR. DNA was isolated using the genomic DNA extraction kit (Qiagen, VA, USA), and mtDNA copy number was quantified with the aforementioned quantitative PCR and the comparative Ct method using nuclear DNA content as a standard. The sequences of specific primers to the mtDNA (GenBank accession no. MK033602) and nuclear DNA (GenBank accession no. NM004048) are shown in *Figure* [*4*](#ehf212616-fig-0004){ref-type="fig"} *J*.

2.14. Western blotting {#ehf212616-sec-0019}
----------------------

Western blotting was performed as previously described.[15](#ehf212616-bib-0015){ref-type="ref"} GAPDH antibody was used as loading controls to normalize the data. Chemiluminescence detection was performed using the Pierce ECL reagent (Thermo Fisher). Signal intensities of the bands were quantified using ATTO CS Analyzer 4 software (ATTO, Tokyo, Japan).

2.15. Cytokine ELISA {#ehf212616-sec-0020}
--------------------

The secretion of IL‐1β in the cell culture medium was measured using a human IL‐1β quantitative ELISA kit (R&D Systems Inc., MN, USA) according to the manufacturer\'s instructions. HCFs were cultured for 24 h, and conditioned media were collected. Samples for IL‐1 analysis were not diluted.

2.16. Immunofluorescence staining {#ehf212616-sec-0021}
---------------------------------

Immunofluorescence staining was performed as previously described.[12](#ehf212616-bib-0012){ref-type="ref"} Cells were then visualized using fluorescence microscopy with an inverted microscope (Nikon, Tokyo, Japan). Staining intensity was quantified using Image‐J software (NIH).

2.17. Phosphokinase antibody array {#ehf212616-sec-0022}
----------------------------------

Membrane array experiments were carried out using the PathScan Signaling Antibody Array Kit (Cell Signaling) according to the manufacturer\'s instructions. Signal intensities were quantified using ATTO CS Analyzer 4 software (ATTO, Tokyo, Japan).

2.18. Gelatin zymography {#ehf212616-sec-0023}
------------------------

The supernatant from cells cultured with or without DOX for 24 h was collected, and matrix metalloproteinase (MMP) activity was examined by gelatin zymography as described previously.[16](#ehf212616-bib-0016){ref-type="ref"} The signal intensities of the bands were quantified using ATTO CS Analyzer 4 software (ATTO, Tokyo, Japan).

2.19. Data analysis and statistics {#ehf212616-sec-0024}
----------------------------------

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software Inc., CA, USA). Statistical comparisons between groups were performed using Student\'s *t* test or one‐factor analysis of variance with the Tukey\'s *post hoc* test. The criterion of statistical significance was set at *P* \< 0.05.

3. Results {#ehf212616-sec-0025}
==========

3.1. Low‐dose doxorubicin provoked perivascular fibrosis but not cardiomyocyte death in mice {#ehf212616-sec-0026}
--------------------------------------------------------------------------------------------

Cardiotoxicity of DOX is cumulative, and the onset of heart failure significantly increases when the total dose is more than 550 mg/m^2^ in humans.[17](#ehf212616-bib-0017){ref-type="ref"} We evaluated the effects of DOX at the stage when the cumulative dose had not reached the toxic dose *in vivo* (*Figure* [*1*](#ehf212616-fig-0001){ref-type="fig"} *A*). The total dose of DOX was set to 12 mg/kg, which corresponded to approximately 400 mg/m^2^ in standard physique humans. Low‐dose DOX did not induce significant apoptosis in cardiac tissue of mice (*Figure* [*1*](#ehf212616-fig-0001){ref-type="fig"} *B* and [*1*](#ehf212616-fig-0001){ref-type="fig"} *D*). Low‐dose DOX‐induced fibrosis was localized to the perivascular area in mice (*Figure* [*1*](#ehf212616-fig-0001){ref-type="fig"} *C* and [*1*](#ehf212616-fig-0001){ref-type="fig"} *E*), while the changes in the interstitial area were slight. This result indicated that DOX might induce reactive fibrosis prior to cell apoptosis at the low accumulation stage.

![Low‐dose DOX induced reactive fibrosis in mice. (A) Protocol in experiments to assess the DOX‐induced cardiotoxicity in mice. The total cumulative dose of DOX was set to 12 mg/kg. Saline (control) or DOX (4 mg/kg/week for 3 weeks) was administered intraperitoneally. (B, D) TUNEL apoptosis assay of heart sections; The apoptotic area was quantitatively assessed in three random fields (unpaired *t*‐test, *n* = 4, \*n.s.: no significant difference).(C, E) Sirius red staining of heart sections; magnification = ×40. Perivascular fibrosis was assessed quantitatively in three random fields (unpaired *t*‐test, *n* = 4, ^\*^ *P* \< 0.05).](EHF2-7-588-g001){#ehf212616-fig-0001}

3.2. Microarray analysis suggested that low concentrations of doxorubicin activated the innate immune system and induced cardiac remodelling biomarkers {#ehf212616-sec-0027}
-------------------------------------------------------------------------------------------------------------------------------------------------------

To evaluate the threshold of DOX cytotoxicity in HCFs, we first performed Calcein‐A13, Line M, and propidium iodide assays. We found that 0.1 and 0.25 μM did not significantly affect cell viability or cell apoptosis for 24 h (*Figure* [*2*](#ehf212616-fig-0002){ref-type="fig"} *A*--[*2*](#ehf212616-fig-0002){ref-type="fig"} *C*). In addition, we performed XTT assays. DOX at a concentration of 0.1 μM did not significantly affect cell proliferation for 24 h (*Figure* [*2*](#ehf212616-fig-0002){ref-type="fig"} *D*). This concentration was much lower than the previous reports about DOX‐induced cardiotoxicity. We used 0.1 μM DOX, which did not directly induce cell death in this study.

![Enrichment analysis and gene expression induced by low‐dose DOX in HCFs. (A--C) HCFs were exposed to DOX (0.1 μM) for 24 h, and cell viability and apoptosis were evaluated with Calcein‐AM and propidium iodide assays. Staining intensity area (green) and stained cell numbers (red) in four random fields were measured by ImageJ software (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*\*\*^ *P* \< 0.001, n.s.: no significant difference). (D) HCFs were exposed to DOX (0.1 to 1.0 μM) for 24 h, and cell proliferation was measured with an XTT assay (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*\*\*^ *P* \< 0.001, n.s.: no significant difference). HCFs were exposed to 0.1 μM DOX for 6 and 24 h, and mRNA expression levels were analysed with a microarray. (E) Number of differentially expressed transcripts that changed \>1.5‐fold and \<0.67‐fold at 6 and 24 h. (F) The table shows the top 10 KEGG pathways that were significantly enriched in upregulated genes at 24 h. Red letters are terms related to the inflammatory and innate immune system. (G) GSEA suggested that gene sets associated with the inflammatory and innate immune system were upregulated at 24 h. The gene sets were 'POSITIVE_REGULATION_OF_INFLAMMATORY_RESPONSE', 'CYTOKINE_ACTIVITY', 'RESPONSE_TO_BACTERIUM', 'POSITIVE_REGULATION_OF_RESPONSE_TO_WOUNDING', and 'LYTIC_VACUOLE'. (H) Inflammatory cytokine‐associated gene and TLR family expression in HCFs at 6 and 24 h. (I) Cardiac remodelling‐associated gene expression in HCFs at 6 and 24 h.](EHF2-7-588-g002){#ehf212616-fig-0002}

We performed a microarray analysis to evaluate the effect of low‐dose DOX on gene expression in HCFs. Genes that increased more than 1.5‐fold or decreased less than 0.67‐fold in DOX‐exposed HCFs were regarded as significantly changed genes; 1526 genes were significantly increased, and 1031 genes were decreased at 6 h; 4104 genes were significantly increased, and 2603 genes were decreased at 24 h (*Figure* [*2*](#ehf212616-fig-0002){ref-type="fig"} *E*). Enrichment analysis was performed with KEGG pathway analysis and GSEA. We first focused on some terms among the top 10 in KEGG pathway analysis (*Figure* [*2*](#ehf212616-fig-0002){ref-type="fig"} *F*). The terms were 'Cytokine‐cytokine receptor interaction', 'Rheumatoid arthritis', 'Malaria', and 'Lysosome'. We next assessed the results of GSEA analysis (*Figure* [*2*](#ehf212616-fig-0002){ref-type="fig"} *G*). Among the significantly changed gene sets, we confirmed a similar tendency in KEGG pathway analysis in GSEA. The gene sets were 'POSITIVE_REGULATION_OF_INFLAMMATORY_RESPONSE', 'CYTOKINE_ACTIVITY', 'RESPONSE_TO_BACTERIUM', 'POSITIVE_REGULATION_OF_RESPONSE_TO_WOUNDING', and 'LYTIC_VACUOLE'. Based on the aforementioned results, we finally examined the individual gene expression changes in inflammatory cytokines involved in the innate immune system and Toll‐like receptor (TLR) family. In addition, we evaluated representative cardiac remodelling biomarkers specific for CFs.[18](#ehf212616-bib-0018){ref-type="ref"} DOX increased the IL‐1 family, IL‐12, TLR2, 4, 5, and 9, LGAL3, SPP1, and IL1RL1 after 24 h (*Figure* [*2*](#ehf212616-fig-0002){ref-type="fig"} *H* and [*2*](#ehf212616-fig-0002){ref-type="fig"} *I*).

3.3. Doxorubicin induced mitochondrial damage and mitophagy {#ehf212616-sec-0028}
-----------------------------------------------------------

We first evaluated mitochondrial activity with MitoTracker Red, depending on the mitochondrial membrane potential of living cells. DOX significantly decreased the mitochondrial membrane potential in HCFs from 6 to 24 h (*Figure* [*3*](#ehf212616-fig-0003){ref-type="fig"} *A*--[*3*](#ehf212616-fig-0003){ref-type="fig"} *C*). We next evaluated mitophagy, which is mitochondrial selective autophagy and processes damaged mitochondria.[19](#ehf212616-bib-0019){ref-type="ref"} Mitophagy was significantly induced 6 h after DOX exposure and sustained to 24 h (*Figure* [*3*](#ehf212616-fig-0003){ref-type="fig"} *D*--[*3*](#ehf212616-fig-0003){ref-type="fig"} *F*). The mtDNA copy number and mitochondrial transcription factor A (TFAM) (GenBank accession no. NM003201) were increased. These results were considered a compensatory response to maintain mitochondrial mass (*Figure* [*3*](#ehf212616-fig-0003){ref-type="fig"} *G* and [*3*](#ehf212616-fig-0003){ref-type="fig"} *H*). In addition, the fluctuations of PI3 Kinase Class III (PI3KC3), p62, and LC3B‐II, which were autophagy‐related markers, were also consistent with these results (*Figure* [*3*](#ehf212616-fig-0003){ref-type="fig"} *I*--[*3*](#ehf212616-fig-0003){ref-type="fig"} *L*).

![DOX decreased the mitochondrial membrane potential and induced mitophagy and compensatory reactions in the early phase. (A) Evaluation of mitochondrial activity in DOX‐exposed HCFs. Red fluorescence is MitoTracker Red, depending on the mitochondrial membrane potential of living cells. (B) MitoTracker Red staining intensity of multiple fields was quantified with ImageJ (unpaired *t*‐test, *n* = 9, ^\*\*\*^ *P* \< 0.001). (C) MitoTracker Red staining intensity of multiple fields was measured using a microplate reader equipped with a spectrofluorometer at an emission wavelength of 615 nm and excitation wavelength of 550 nm (unpaired *t*‐test, *n* = 8, ^\*^ *P* \< 0.05). (D) Evaluation of mitophagy in DOX‐exposed HCFs. Red fluorescence is a mitophagy staining dye (Mitophagy Dye), which emits high fluorescence when mitophagy is induced and the damaged mitochondria fuse to lysosomes. Green fluorescence is lysosomal staining dye (Lyso Dye), which shows colocalization between the Mitophagy Dye‐labelled mitochondria and the lysosome. (E) Mitophagy Dye staining intensity of multiple fields was quantified with ImageJ (unpaired *t*‐test, *n* = 16, ^\*\*\*^ *P* \< 0.001). (F) Colocalization analysis of Mitophagy Dye and Lyso Dye was evaluated by Spearman\'s rank correlation coefficient with ImageJ (*n* = 16, ^\*\*\*^ *P* \< 0.001). (G) TFAM mRNA expression in HCFs with or without DOX treatment (0.1 μM) for 6, 12, and 24 h (unpaired *t*‐test, *n* = 4--7, ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01, ^\*\*\*^ *P* \< 0.001). (H) Mitochondrial DNA copy number in HCFs with or without DOX treatment (0.1 μM) for 6, 12, and 24 h (unpaired *t*‐test, *n* = 4--11, ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01, ^\*\*\*^ *P* \< 0.001, n.s.: no significant difference). (I--L) Protein expression of Phospho‐PI3 Kinase Class III (p‐PI3KC3), p62, and LC3 in HCFs stimulated by DOX (0.1 μM) for 24 h (unpaired *t*‐test, *n* = 4, ^\*^ *P* \< 0.05, ^\*\*\*^ *P* \< 0.001).](EHF2-7-588-g003){#ehf212616-fig-0003}

3.4. Doxorubicin sustainably increased mRNA transcript levels of Toll‐like receptor 9, interleukin‐1, and profibrotic markers, and chloroquine attenuated these effects in human cardiac fibroblasts {#ehf212616-sec-0029}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DWe evaluated the mRNA expression of TLR9 (GenBank accession no. NC000003) and IL1B (GenBank accession no. NM000576), and both significantly increased in DOX‐treated HCFs (*Figure* [*4*](#ehf212616-fig-0004){ref-type="fig"} *A* and [*4*](#ehf212616-fig-0004){ref-type="fig"} *B*). This result indicated that DOX promoted the production of inflammatory cytokines through the damaged mitochondria as an endogenous antigen. IL‐1β is an inflammatory cytokine that promotes adverse cardiac remodelling.[20](#ehf212616-bib-0020){ref-type="ref"} DOX actually increased the mRNA expression of LGAL3, ACTA2, and TIMP‐1, which were representative cardiac fibrosis markers (GenBank accession no. NM002306, NM001613, and NM003254) (*Figure* [*4*](#ehf212616-fig-0004){ref-type="fig"} *C*--[*4*](#ehf212616-fig-0004){ref-type="fig"} *E*). We next inhibited TLR9, which was located upstream of the CF markers, and evaluated the DOX‐induced response in HCFs. ODN2088 (TLR9 antagonist) attenuated the mRNA transcription of IL1B, LGAL3, ACTA2, and TIMP‐1 induced by DOX (*Figure* [*4*](#ehf212616-fig-0004){ref-type="fig"} *F*--[*4*](#ehf212616-fig-0004){ref-type="fig"} *I*). TLR9‐ligand mediated intracellular signal transduction via ubiquitination of IRAK‐1.[21](#ehf212616-bib-0021){ref-type="ref"}, [22](#ehf212616-bib-0022){ref-type="ref"} Chloroquine is frequently used as an inhibitor of TLR9.[23](#ehf212616-bib-0023){ref-type="ref"}, [24](#ehf212616-bib-0024){ref-type="ref"}, [25](#ehf212616-bib-0025){ref-type="ref"}, [26](#ehf212616-bib-0026){ref-type="ref"}, [27](#ehf212616-bib-0027){ref-type="ref"} Chloroquine also attenuated the mRNA transcription of IL1B, LGAL3, ACTA2, and TIMP‐1 induced by DOX (*Figure* [*4*](#ehf212616-fig-0004){ref-type="fig"} *J*--[*4*](#ehf212616-fig-0004){ref-type="fig"} *M*). The secretion of IL‐1β was significantly increased 24 h after the DOX treatment. Furthermore, both ODN 2088 and chloroquine inhibited the DOX‐induced IL‐1β secretion (*Figure* [*4*](#ehf212616-fig-0004){ref-type="fig"} *N*). IRAK‐1 was degraded in the DOX‐treated HCFs (*Figure* [*4*](#ehf212616-fig-0004){ref-type="fig"} *K* and [*4*](#ehf212616-fig-0004){ref-type="fig"} *L*). These results indicated that the sterile inflammation derived from the damaged mitochondria promoted the fibrotic changes through TLR9 activation.

![DOX increased the mRNA expression of TLR9, IL‐1, and fibrotic markers, and chloroquine attenuated its response in HCFs. (A--E) TLR9, IL‐1β, ACTA2, LGAL3, and TIMP‐1 mRNA expression in HCFs with or without DOX treatment (0.1 μM) for 6, 12, and 24 h (unpaired *t*‐test, *n* = 4--17, ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.01, ^\*\*\*^ *P* \< 0.001, n.s.: no significant difference). (F--I) IL1B, ACTA2, LGAL3, and TIMP‐1 mRNA expression in HCFs exposed to DOX (0.1 μM) with or without ODN2088 (1 μM) for 6, 12, and 24 h (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*\*\*^ *P* \< 0.001). (J--M) IL1B, ACTA2, LGAL3, and TIMP‐1 mRNA expression in HCFs exposed to DOX (0.1 μM) in the absence or presence of chloroquine (10 μM) for 6, 12, and 24 h (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 5, ^\*^ *P* \< 0.05, ^\*\*\*^ *P* \< 0.001). (N) The secretion of IL‐1β in HCFs exposed to DOX (0.1 μM) with or without ODN2088 (1 μM) or chloroquine (10 μM) for 24 h (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*\*\*^ *P* \< 0.001). (K, L) Protein expression of IRAK‐1 in HCFs stimulated by DOX (0.1 μM) for 24 h (unpaired *t*‐test, *n* = 4, ^\*^ *P* \< 0.05).](EHF2-7-588-g004){#ehf212616-fig-0004}

3.5. Doxorubicin promoted the fibrotic response through stress‐activated protein kinase/c‐Jun NH2‐terminal kinase signalling, and pioglitazone attenuated these changes {#ehf212616-sec-0030}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

We evaluated the expression of fibrosis‐related biomarkers at the protein level. The protein expression of COL1A1, α‐SMA, and galectin‐3 was significantly increased 24 h after the DOX treatment (*Figure* [*5*](#ehf212616-fig-0005){ref-type="fig"} *A*--[*5*](#ehf212616-fig-0005){ref-type="fig"} *C*). We screened the phosphorylated proteins using a phosphokinase antibody array. DOX significantly activated phosphorylated SAPK/JNK (*Figure* [*5*](#ehf212616-fig-0005){ref-type="fig"} *D* and [*5*](#ehf212616-fig-0005){ref-type="fig"} *E*). Then, we assessed the phosphorylation of SAPK/JNK 6, 12, and 24 h after stimulation. DOX remarkably phosphorylated SAPK/JNK (*Figure* [*5*](#ehf212616-fig-0005){ref-type="fig"} *F* and [*5*](#ehf212616-fig-0005){ref-type="fig"} *G*). We next used pioglitazone, which is a peroxisome proliferator‐activated receptor (PPARγ) agonist, because activated PPARγ was shown to antagonize SAPK/JNK signalling.[28](#ehf212616-bib-0028){ref-type="ref"} Pioglitazone attenuated the phosphorylation of SAPK/JNK (*Figure* [*5*](#ehf212616-fig-0005){ref-type="fig"} *F* and [*5*](#ehf212616-fig-0005){ref-type="fig"} *G*) and suppressed the DOX‐induced expression of fi COL1A1, α‐SMA, and galectin‐3 (*Figure* [*5*](#ehf212616-fig-0005){ref-type="fig"} *H*--[*5*](#ehf212616-fig-0005){ref-type="fig"} *J*, *5L*--*5N*). The same results were confirmed by immunofluorescence staining (*Figure* [*5*](#ehf212616-fig-0005){ref-type="fig"} *P*--[*5*](#ehf212616-fig-0005){ref-type="fig"} *R*). MMP plays an important role in cardiac remodelling. In particular, MMP‐2 and 9 are the main subtypes associated with cardiac fibrosis. Gelatin zymography showed that DOX suppressed the active MMP‐2, and pioglitazone recovered this change (*Figure* [*5*](#ehf212616-fig-0005){ref-type="fig"} *K* and [*5*](#ehf212616-fig-0005){ref-type="fig"} *O*). In addition, we used SP600125 (JNK inhibitor) and GW1929 (non‐thiazolidinedione PPARγ agonist). Both, similarly to pioglitazone, suppressed the DOX‐induced expression of α‐SMA and galectin‐3 (Supporting Information, *Figure* [*S1*](#ehf212616-supitem-0001){ref-type="supplementary-material"}).

![DOX promoted fibrotic response JNK signalling, and pioglitazone attenuated these changes. (A--C) Protein expression of Col1A1, α‐SMA, and galectin‐3 in HCFs stimulated by DOX (0.1 μM) for 24 h (unpaired *t*‐test, *n* = 8--9, ^\*\*\*^ *P* \< 0.001). (D, E) Phosphokinase antibody array was performed in HCFs exposed to DOX for 24 h. DOX activated significantly phosphorylated SAPK/JNK. (F, G) The time course of SAPK/JNK phosphorylation in HCFs stimulated by DOX (0.1 μM) with or without pioglitazone (10 μM) for 6, 12, and 24 h (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4--5, ^\*\*^ *P* \< 0.01, ^\*\*\*^ *P* \< 0.001). (H--N) Protein expression of Col1A1, α‐SMA, and galectin‐3 in DOX exposure HCFs (0.1 μM) with or without pioglitazone for 24 h (unpaired *t*‐test, *n* = 4--7, ^\*\*^ *P* \< 0.01, ^\*\*\*^ *P* \< 0.001). (K, O) The activity of MMP2 and MMP9 by gelatin zymography in DOX exposure HCFs (0.1 μM) with or without pioglitazone (10 μM) for 24 h (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*\*^ *P* \< 0.01, ^\*\*\*^ *P* \< 0.001). (P--R) Immunofluorescence microscopy analysis of α‐SMA and galectin‐3 expression in DOX‐exposed HCFs (0.1 μM) with or without pioglitazone (10 μM) for 24 h. Red fluorescence is α‐SMA, and green fluorescence is galectin‐3; magnification = ×40. The staining intensity of multiple fields was quantified with ImageJ (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 3, ^\*^ *P* \< 0.05).](EHF2-7-588-g005){#ehf212616-fig-0005}

3.6. Pioglitazone attenuated the doxorubicin‐induced fibrotic response in mice {#ehf212616-sec-0031}
------------------------------------------------------------------------------

We evaluated the effects of pioglitazone in animal studies. Pioglitazone was orally administered at 10 mg/kg daily (*Figure* [*6*](#ehf212616-fig-0006){ref-type="fig"} *A*). Pioglitazone attenuated the DOX‐induced fibrotic changes and the expression of α‐SMA‐positive cells and the expression of galectin‐3 in the perivascular area (*Figure* [*6*](#ehf212616-fig-0006){ref-type="fig"} *B*--[*6*](#ehf212616-fig-0006){ref-type="fig"} *G*).

![Pioglitazone attenuated low‐dose DOX‐induced reactive fibrosis in mice. (A) Protocol in experiments to assess the DOX‐induced cardiotoxicity in mice. The total cumulative dose of DOX was set to 12 mg/kg. Saline (control) or DOX (4 mg/kg/week for 3 weeks) was administered intraperitoneally. Pioglitazone was administered orally (10 mg/kg/day for 4 weeks).(B, E) Sirius red staining in the perivascular area of heart sections in each group; magnification = ×40. Perivascular fibrotic area in three random fields was measured by ImageJ software (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*^ *P* \< 0.05). (C, F) Immunohistochemical staining of α‐SMA in the perivascular area of heart sections in each group; magnification = ×40. Arrows show the α‐SMA‐positive cells. The number of α‐SMA‐positive cells in the perivascular fibrotic area was counted in three random fields (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*\*\*^ *P* \< 0.001). (D, G) Immunohistochemical staining of galectin‐3 in the perivascular area of heart sections in each group; magnification = ×40. Galectin‐3‐positive area in three random fields was measured by ImageJ software (one‐way ANOVA with Tukey\'s *post hoc* test, *n* = 4, ^\*\*\*^ *P* \< 0.001).](EHF2-7-588-g006){#ehf212616-fig-0006}

4. Discussion {#ehf212616-sec-0032}
=============

In the current study, we demonstrated that low‐dose DOX, which did not lead to cell death, provoked fibrotic changes. Our results indicated that DOX directly activated CFs and induced the reactive fibrotic response at the initial stage. Furthermore, we demonstrated that the damaged mitochondria functioned as DAMPs and promoted the innate immune system. As a result, DOX provoked fibrotic changes through SAPK/JNK.

We have previously proven that CFs play an important role in various pathologies of heart disease and could be therapeutic targets.[29](#ehf212616-bib-0029){ref-type="ref"} We hypothesize that CFs contributed to the onset of DOX‐induced heart failure and focused on the role of CFs. We first confirmed that low‐dose DOX provoked perivascular fibrosis but not cardiomyocyte death in an animal study. The perivascular area is known to be involved in the early stage of reactive fibrosis.[30](#ehf212616-bib-0030){ref-type="ref"} The total dose was set to 12 mg/kg, which was below the dose for the increased cardiotoxicity. This result indicated that reactive fibrosis preceded the cardiotoxicity of DOX at the initial stage. We performed a microarray analysis and extracted the terms with high commonality from significantly increased gene sets of KEGG pathway analysis and GSEA. Interestingly, we found that several terms and gene sets, which were significantly changed by DOX, had common points. We hypothesized that DOX activated the innate immune system and induced the production of inflammatory cytokines from these terms. Furthermore, several genes known to correlate with adverse cardiac remodelling were increased in DOX‐exposed HCFs. Therefore, we also expected that the inflammatory response, which is associated with the innate immune system, promoted adverse cardiac remodelling. Of course, the DOX‐induced inflammatory response is non‐infectious. The endogenous substances that induce sterile inflammation are called DAMPs.[31](#ehf212616-bib-0031){ref-type="ref"} Damaged mitochondria are well known as DAMPs that activate the innate immune system.[32](#ehf212616-bib-0032){ref-type="ref"} DAMPs derived from mitochondria include the damaged mitochondria itself, mtDNA, TFAM, and so on.[33](#ehf212616-bib-0033){ref-type="ref"} These molecules are recognized by pattern recognition receptors. There are five classes known to pattern recognition receptors. The TLR family is the best known molecule.[34](#ehf212616-bib-0034){ref-type="ref"} TLRs recognize DAMPs and induce an inflammatory response mainly through the production of IL‐1.[35](#ehf212616-bib-0035){ref-type="ref"} DAMPs released from mitochondria mainly bind to TLR9, produce IL‐1β, and induce the inflammatory response.[33](#ehf212616-bib-0033){ref-type="ref"}, [36](#ehf212616-bib-0036){ref-type="ref"} Moreover, in cardiomyocytes, DAMPs activated TLR9 treated with DOX.[37](#ehf212616-bib-0037){ref-type="ref"} DOX decreased mitochondrial membrane potential in an early stage. At the same time, DOX induced the mitophagy that degrades damaged mitochondria. In addition, mtDNA copy number and TFAM were increased. These results were considered a compensatory response to maintain mitochondrial mass. This compensatory response was also reported in a sepsis model.[38](#ehf212616-bib-0038){ref-type="ref"} Furthermore, the mRNA expression of TLR9, which specifically recognizes mitochondrial‐derived DAMPs, was increased. The mRNA of IL1B and the secretion of IL‐1β were continuously increased. These responses were attenuated by TLR9 antagonist. Furthermore, chloroquine, which inhibited lysosomal action and TLR9 activity, also attenuated the production of IL‐1β. TLR9‐ligand mediated intracellular signal transduction via ubiquitination of IL‐1R‐associated kinase 1 (IRAK1). IRAK1 was degraded in the DOX‐treated HCFs. This finding was consistent with our hypothesis that the damaged mitochondria by DOX activated the innate immune system via TLR9 to induce an inflammatory response. In general, mitophagy degrades damaged mitochondria and works defensively. However, our results indicated that DOX did not suppress inflammatory cytokines. This result might be caused by insufficient degradation of the mitochondrial substrate.[39](#ehf212616-bib-0039){ref-type="ref"} In addition, it is possible that the degradation of mitochondrial substrate does not catch up with the occurrence of damaged mitochondria. There is no doubt that the damaged mitochondria and their compensatory response are important for DOX‐induced pathology.

We confirmed that DOX enhanced the expression of biomarkers of adverse cardiac remodelling. CFs differentiate into myofibroblasts and promote the production of ECM and inflammatory cytokines when activated. Myofibroblasts express α‐SMA, which is a specific cell marker.[8](#ehf212616-bib-0008){ref-type="ref"} Galectin‐3 is increased in patients with heart failure and is highly correlated with cardiac fibrosis as a biomarker.[40](#ehf212616-bib-0040){ref-type="ref"} TIMP‐1 is a molecule that inhibits the activity of MMPs.[32](#ehf212616-bib-0032){ref-type="ref"} TIMP‐1 inhibits the degradation of ECM and delays ECM turnover. It leads to the accumulation of collagen. We confirmed that TLR9 antagonist and chloroquine attenuated the mRNA expression of these markers. Furthermore, inflammatory cytokines are known to promote cardiac fibrosis and adverse cardiac remodelling. We confirmed that chloroquine attenuated the mRNA expression of IL1B. As shown previously, we demonstrated that the sterile inflammation derived from the damaged mitochondria, which was evoked by low‐dose DOX, promotes adverse cardiac remodelling. We thought that the suppression of this pathway might be able to treat DOX‐induced cardiotoxicity. Chloroquine has serious side effects such as retinopathy[41](#ehf212616-bib-0041){ref-type="ref"} and itself has cardiotoxicity.[42](#ehf212616-bib-0042){ref-type="ref"}, [43](#ehf212616-bib-0043){ref-type="ref"}, [44](#ehf212616-bib-0044){ref-type="ref"} Moreover, it is very expensive. Therefore, it is difficult to use chloroquine for prophylaxis for cardiotoxicity. We then focused on the SAPK/JNK pathway activated by DOX‐treated HCFs because the phosphokinase antibody array showed that DOX significantly activated phosphorylated SAPK/JNK.[28](#ehf212616-bib-0028){ref-type="ref"} However, SAPK/JNK inhibitor is not available in clinical. One of the purposes in the current study was to make a practical and useful clinical proposal. Therefore, we examined whether pioglitazone exerts its suppressive effects on SAPK/JNK because PPARγ antagonize SAPK/JNK signalling. Pioglitazone is a ligand to PPARγ and is mainly used for diabetes. Pioglitazone suppresses large adipocytes, which secrete inflammatory cytokines and improve insulin resistance. Pioglitazone suppressed the protein expression of α‐SMA, galectin‐3, and collagen and recovered the active MMP‐2 through the suppression of SAPK/JNK signalling. Further, we performed an additional study using SAPK/JNK inhibitor and non‐thiazolidinedione PPARγ agonist. Both, similarly to pioglitazone, suppressed the DOX‐induced fibrotic response via attenuating phosphorylated SAPK/JNK signalling. These results suggest that pioglitazone inhibits SAPK/JNK and exhibits cardioprotective effects. Moreover, pioglitazone also suppressed DOX‐induced perivascular fibrosis in animal studies. As a limitation, pioglitazone mainly acts on adipocytes to show some physiological actions; therefore, it might be difficult to evaluate the direct effect of pioglitazone on CFs *in vivo*. In addition, we evaluated perivascular fibrosis *in vivo* study. In the pathological features that consensus on DOX cardiomyopathy, it indicates myofibrillar disarray, shedding, vacuoles, and myocardial necrosis[45](#ehf212616-bib-0045){ref-type="ref"}. They have not reported about perivascular fibrosis. However, these are features just after heart failure has already occurred. There are very few reports about human myocardial biopsy, which were performed in the early stages before the onset of heart failure. Therefore, it requires further extensive work to elucidate the mechanism of DOX‐induced cardiotoxicity at early stage in the future.

So far, many reports have focused on the pathophysiology after the onset of severe myocardial injury by DOX. In this study, we focused on the phenomenon that occurred in the early stage before the progression of the cardiotoxicity. Perivascular fibrosis is specific as an initial change of reactive fibrosis. It is well known that pathological changes spread from perivascular fibrosis and lead to heart failure with preserved ejection fraction, such as hypertensive cardiomyopathy[46](#ehf212616-bib-0046){ref-type="ref"} and diabetic cardiomyopathy.[47](#ehf212616-bib-0047){ref-type="ref"} Therefore, it is reasonable to assume that DOX‐induced perivascular fibrosis without cell death in the initial stage develops into extensive fibrosis and myocardial dysfunction. This also explains that the cardiotoxicity of DOX is cumulative and manifests when DOX exceeds a certain amount after repeated administration. However, there are some limitations in the present study. We did not directly show that perivascular fibrosis was transferred to myocardial injury. More detailed analysis will be necessary to examine the mechanism of cardiotoxicity. The accumulation of long‐term follow‐up data will be required in future animal studies. We need to observe the pathological changes at various points and check the overall progression of fibrosis. Similarly, further study will be required to investigate whether pioglitazone can prevent perivascular fibrosis from the development of cardiotoxicity.

The novelty of this paper is as follows. (i) We investigated initial cardiac remodelling before reaching the toxic dose with low‐dose DOX in CFs. (ii) We demonstrated that the low dose of DOX directly induced 'reactive fibrosis', not 'replacement fibrosis', in CFs. (iii) We proved that the low dose of DOX induced the fibrotic response through the sterile inflammation induced by damaged mitochondria. (iv) We showed that PPARγ agonists had the potential to attenuate DOX‐induced cardiotoxicity. We propose the potential mechanism of progression of DOX‐induced heart failure, as shown in *Figure* [*7*](#ehf212616-fig-0007){ref-type="fig"}. We believe that these discoveries identify a new mechanism and contribute to the prophylaxis and treatment of DOX‐induced heart failure.

![Proposed mechanism of DOX‐induced cardiotoxicity on CFs. Reactive fibrosis precedes doxorubicin‐induced cardiotoxicity through sterile inflammation by DAMPs released from mitochondria in early stage.](EHF2-7-588-g007){#ehf212616-fig-0007}
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**Table S1.** The sequences of the specific primers in this study.

**Figure S1.** DOX promoted the fibrotic response through SAPK/JNK signalling. SAPK/JNK inhibitor and non‐thiazolidinedione PPARγ agonist attenuated these changes like pioglitazone.

**Figure S2.** Representative western blots of the p‐PI3KC3, PI3KC3, p62 and LC3BII in HCFs treated by DOX.

**Figure S3.** Representative western blots of the IRAK‐1 in HCFs treated by DOX.

**Figure S4.** Representative western blots of the COL1A1, α‐SMA, and Galectin‐3 in HCFs treated by DOX.

**Figure S5.** Representative western blots of the phosphorylated SAPK/JNK and SAPK/JNK treated by DOX with or without pioglitazone.

**Figure S6.** Representative western blots of the COL1A1, α‐SMA, and Galectin‐3 treated by DOX with or without pioglitazone.

**Figure S7.** Representative western blots of the phosphorylated SAPK/JNK, SAPK/JNK, α‐SMA and Galectin‐3 treated by DOX with or without SP600125 or GW1929.
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